ABSTRACT Whereas actomyosin and septin ring organization and function in cytokinesis are thoroughly described, little is known regarding the mechanisms by which the actomyosin ring interacts with septins and associated proteins to coordinate cell division. Here we show that the protein product of YPL158C, Aim44p, undergoes septin-dependent recruitment to the site of cell division. Aim44p colocalizes with Myo1p, the type II myosin of the contractile ring, throughout most of the cell cycle. The Aim44p ring does not contract when the actomyosin ring closes. Instead, it forms a double ring that associates with septin rings on mother and daughter cells after cell separation. Deletion of AIM44 results in defects in contractile ring closure. Aim44p coimmunoprecipitates with Hof1p, a conserved F-BAR protein that binds both septins and type II myosins and promotes contractile ring closure. Deletion of AIM44 results in a delay in Hof1p phosphorylation and altered Hof1p localization. Finally, overexpression of Dbf2p, a kinase that phosphorylates Hof1p and is required for relocalization of Hof1p from septin rings to the contractile ring and for Hof1p-triggered contractile ring closure, rescues the cytokinesis defect observed in aim44∆ cells. Our studies reveal a novel role for Aim44p in regulating contractile ring closure through effects on Hof1p.
INTRODUCTION
In the budding yeast Saccharomyces cerevisiae, cytokinesis involves actomyosin contractile ring closure and septum formation at the mother-bud neck (Bi et al., 1998) . The actomyosin ring contains actin filaments formed by formin-dependent processes (Fang et al., 2010; Wloka and Bi, 2012) . During actomyosin ring assembly, Myo1p, the only myosin II heavy chain in budding yeast, is recruited to the site of cell division by the septin-interacting protein Bni5p, the essential myosin light chain (Mlc1p), and an IQGAP family protein (Iqg1p/Cyk1p) in a highly regulated manner (Epp and Chant, 1997; Lippincott and Li, 1998b; Lee et al., 2002) . Constriction of the actomyosin ring provides a force for ingression of the plasma membrane. During its constriction, Myo1p disassembles from the ring (Tully et al., 2009) , and vesicles containing materials essential for the formation of new plasma membrane are deposited at the cell division site (Fang et al., 2010) .
In yeast cells, cytokinesis also involves septation-the deposition of cell wall between mother and daughter cells. After actomyosin ring constriction begins, a specialized extension of the cell wall-the primary septum-begins to form at the bud neck through reactions catalyzed by chitin synthase II (Chs1p; Sburlati and Cabib, 1986) . The primary septum is completed after contractile ring closure and separation of the plasma membranes of mother and daughter cells. Thereafter, a secondary septum is laid down on each side of the primary septum. Finally, hydrolytic enzymes are released from the daughter cell to degrade the primary septum and part of the secondary septum, allowing for cell separation (Kuranda and Robbins, 1991; Kovacech et al., 1996; Baladrón et al., 2002) .
Septin proteins Cdc3p, Cdc10p, Cdc11p, Cdc12p, and Shs1p/ Sep7p are also localized to the site of cell division. The septins, which were discovered in yeast, are conserved, GTP-binding aim44∆ cells, we detect 69% increase in multibudded cells compared with wild-type cells (60.7 ± 3.6%, p = 4 × 10 −5
; Figure 1A ). From these data, we conclude that Aim44p contributes to motherdaughter separation in S. cerevisiae.
Failure of yeast cells to separate can indicate a defect in contractile ring closure or septation. To determine whether aim44∆ cells have septation defects, we treated cells with Zymolyase, an enzyme isolated from Arthrobacter luteus that digests cell wall polymers (Lippincott and Li, 1998a) . Zymolyase treatment results in cell separation in strains with septation defects, such as cbk1∆ cells, but not in yeast with defects in contractile ring closure (Hartwell, 1971) . The proportion of cbk1∆ cells in multibudded clusters significantly decreases after digestion with Zymolyase (before digestion, 34 ± 6%; after digestion, 7 ± 2%; p = 0.002; Figure 1B ). In contrast, Zymolyase treatment has no significant effect on the multibudded phenotype of aim44∆ cells (before digestion, 44 ± 8%; after digestion, 48 ± 7%; p = 0.5; Figure 1B ). Thus the multibudded phenotype of aim44∆ cells is not due to defects in septation that are sensitive to Zymolyase treatment.
In light of this, we studied the effect of deletion of AIM44 on contractile ring closure. Myo1p, the type II myosin of the actomyosin ring, was tagged at its chromosomal locus using green fluorescent protein (GFP) in wild-type and aim44∆ cells. Previous studies indicate that this tag has no effect on Myo1p function (Lippincott and Li, 1998b) . Deletion of AIM44 does not affect assembly of Myo1p into a ring at the bud neck ( Figure 1C ). However, deletion of AIM44 results in defects in contractile ring closure. In synchronized wild-type cells, contractile ring closure, visualized as a decrease in the diameter of the Myo1p-GFP-labeled contractile ring, occurs in 91% of the cells analyzed (n = 66) and is completed within 10 min from the onset of contraction ( Figure 1C ). In contrast, the contractile ring fails to close in 50% of the aim44∆ cells examined (n = 52; Figure 1 ). Of note, in the aim44∆ cells that do undergo contractile ring constriction, the rate of ring closure is not statistically different from that in wildtype cells (p = 0.96). However, in aim44Δ cells with contractile ring closure defects, Myo1p-GFP persists as a ring that does not contract and ultimately dissipates ( Figure 1C ). These aim44∆ cells eventually develop another bud and become multibudded. These findings are consistent with a role for Aim44p in regulating contractile ring closure.
Aim44p-GFP assembles into a ring structure at the bud neck that transiently colocalizes with the septins and the contractile ring
In yeast and other cell types, proteins that mediate or regulate cytokinesis localize to the site of cell division and often associate with either the actomyosin contractile ring or septin rings. High-throughput subcellular localization experiments revealed that Aim44p localizes to the bud neck (Huh et al., 2003) . We tagged endogenous AIM44 at its C-terminus with GFP and found that Aim44p-GFP is fully functional (Supplemental Figure S1 ). Aim44p-GFP localizes to a ring at the incipient bud site (Figure 2 ). During early stages of bud development, Aim44p-GFP forms a single ring extending around the bud neck, consistent with the identification of Aim44p as a budneck protein (Huh et al., 2003) . After contractile ring closure, the Aim44p-GFP ring thickens and separates into two rings; each ring remains at the site of cell division on the mother and daughter cells after cell separation (Figure 2) .
Because the localization pattern of Aim44p-GFP during mitosis resembles that of the septins, we studied the localization of Aim44p-GFP relative to the septin Cdc3p, tagged at its C-terminus with proteins that form octameric filament-forming complexes (Pan et al., 2007; Bertin et al., 2008 Bertin et al., , 2012 Garcia et al., 2011) . The septins provide structural support for assembly and maintenance of the actomyosin ring at the bud neck and play a role in primary septum formation (Longtine et al., 1996) . Septins also function as a diffusion barrier during cell division, promoting asymmetric distribution of proteins critical for cytokinesis to the mother-bud neck (Longtine and Bi, 2003; Dobbelaere and Barral, 2004) .
Before cell division, the septins localize to the presumptive bud site as a single cortical ring (Iwase et al., 2006) . During bud growth, the septin ring forms an hourglass structure at the mother-bud neck, and at the onset of cytokinesis, the mitotic exit network (MEN) signals the septins to form a double ring that surrounds the actomyosin ring (Cid et al., 2001; Lippincott et al., 2001) . The double-septin-ring structure is maintained throughout cytokinesis, after which the mother cell and daughter cell each retains a single septin ring at the cell division site (Cid et al., 2001) .
Several proteins have been implicated in interactions between the septins and the actomyosin ring, including Hof1p, an F-BAR protein that regulates contractile ring closure. The localization of Hof1p during cell division is highly dynamic and tightly regulated. Hof1p binds to septins and type II myosins (Myo1p in yeast) and is recruited to septin rings at the mother-bud neck. Phosphorylation of Hof1p by the MEN kinase complex Mob1p/Dbf2p at the S313 residue results in release of Hof1p from septin rings and association of the protein with the actomyosin ring (Meitinger et al., 2011 (Meitinger et al., , 2013a . Actomyosin ring closure is also regulated by MEN (Vallen et al., 2000; Lippincott et al., 2001; Luca et al., 2001) . Recent studies indicate that the SH3 domain of Hof1p is critical for maintaining the symmetry of Myo1p ring constriction during cytokinesis (Korinek et al., 2000; Vallen et al., 2000; Oh et al., 2013) and that phosphorylation of Hof1p by Mob1p/Dbf2p at S533 and S563 promotes its function in contractile ring closure (Meitinger et al., 2013a) . Finally, Hof1p binds to Inn1p, a protein that localizes to the contractile ring and is required for coordinating contractile ring closure with plasma membrane ingression (Sanchez-Diaz et al., 2008) . Hof1p begins to be degraded late in mitosis; however, whether its degradation is related to the regulation of actomyosin ring closure is controversial (Blondel et al., 2005; Stockstill et al., 2013) .
Genome-wide screens revealed a role for Aim44p in the cell cycle (Doolin et al., 2001; Wang et al., 2011) and mitochondrial DNA inheritance (Hess et al., 2009) . They also revealed that Aim44p can interact physically with Hof1p (Tonikian et al., 2009 ) and localizes to the mother-bud neck (Huh et al., 2003) . While our article was in preparation, another group reported a role for Aim44p in cell polarity and septation during cell division and renamed the protein GTPase-mediated polarity switch 1 (Gps1p; Meitinger et al., 2013b) . Here we show novel functions for Aim44p at cell division: namely, that Aim44p is recruited to the bud neck by the septins, where it regulates Hof1p phosphorylation and localization and promotes contractile ring closure.
RESULTS

aim44∆ cells exhibit defects in contractile ring closure during cytokinesis
We find that deletion of AIM44 results in a multibudded phenotype, which is a hallmark of cytokinesis failure. In the wild-type cells used for these studies, 18.8 ± 1.0% cells examined are multibudded (García-Rodríguez et al., 2009) . Deletion of MYO1, a known mediator of cytokinesis, results in 69.2% increase in multibudded cells compared with wild-type cells (61.2 ± 13.5%, p = 0.006). Similarly, in development, the single Aim44p-GFP and septin rings partially colocalize. Later in the cell cycle, when septins localize to double rings, Aim44p-GFP localizes to a single ring between the septin double rings. Thereafter, when septin rings decrease in size, Aim44p-GFP localizes to two rings that are within and partially overlap with the double septin rings. Finally, after cell separation, the double septin and Aim44p rings separate such that the mother cell and daughter cell each has an Aim44p ring within a septin ring.
Because Aim44p colocalizes with the single septin ring early in the cell division cycle and septins serve as a scaffold for assembly of the contractile ring, we tested whether Aim44p ring assembly is septin dependent. We detect both the single and double septin rings in aim44Δ cells (Supplemental Figure S3A ). Thus septin ring assembly does not require Aim44p. In contrast, Aim44p-GFP ring assembly depends on septin ring formation. Specifically, we find that shift of the temperature-sensitive septin mutant cdc12-6 to restrictive temperatures disrupts Aim44p localization ( Figure 3C ). Incubation of wild-type CDC12 cells at 34°C results in a modest (10.6%) decrease in Aim44p localization to rings. In contrast, shift of the cdc12-6 mutant from room temperature to 34°C results in complete loss of septin rings, as described previously (Cid et al., 2001) , and complete loss of detectable Aim44p rings (rings present in 98.5% of cells at permissive temperature and 0% at restrictive temperature; n ≥ 200 for each sample). In cdc12-6 cells at 34°C, Aim44p-GFP and Cdc3p-mCherry localize to punctate cytosolic structures. From these data, we conclude that septin ring formation is required for Aim44p ring formation.
We also examined the localization of Aim44p-GFP relative to the contractile ring component Myo1p, which was tagged at its C-terminus with mCherry. Deletion of MYO1 does not affect Aim44p-GFP ring formation (Supplemental Figure S3B) . However, Aim44p-GFP colocalizes with the Myo1p-mCherry-labeled contractile ring when both proteins form rings at the presumptive bud site and through most of the cell division cycle (Figure 4, A and B) . Of interest, the ring formed by Aim44p-GFP does not contract when the contractile ring contracts. Instead, the Aim44p ring thickens and forms a double ring, which separates concomitant with cell separation such that mother cell and daughter cell each retains one Aim44p ring (Figure 4 ). The relative localization of Cdc3p-mCherry and Myo1p-GFP during the cell cycle is shown in Supplemental Figure S2 . mCherry, in wild-type yeast cells (Figure 3 ). At the beginning of the cell division cycle, Aim44p-GFP and Cdc3p-mCherry are recruited to concentric rings at the selected bud site. During early bud , chi-squared test). Results are pooled from three independent time-lapse imaging experiments.
release from G 1 arrest, but this does not occur until 120 min after release from G 1 arrest in aim44∆ cells. Thus deletion of AIM44 results in a delay in cell cycle-regulated phosphorylation and dephosphorylation of Hof1p.
Total levels of Hof1p are also affected by deletion of AIM44 ( Figure 5B ). In wild-type cells, we detect an increase in the level of Hof1p from 30 to 75 min after release from pheromone-induced G 1 arrest and a decline in Hof1p levels from 75 to 120 min after release from G 1 arrest. Deletion of AIM44 alters cell cycle-linked changes in Hof1p levels. Specifically, we observe a decrease in the rate of cell cycle-linked increases in Hof1p levels, a delay in the time when maximum Hof1p levels occurs (90-105 min for aim44∆ cells vs. 75 min for wild-type cells), and a 22% decrease in the maximum level of Hof1p. Using spindle length as an indicator of mitotic progression, we find that deletion of AIM44 has no effect on cell cycle progression (Supplemental Figure S5) . Thus deletion of AIM44 affects the abundance and phosphorylation of Hof1p without affecting overall rates cell cycle progression before the point of cell division.
Because deletion of AIM44 results in defects in phosphorylation of Hof1p and Dbf2p catalyzes phosphorylation of Hof1p, we assessed the effect of overexpression of Dbf2p on cytokinesis in aim44∆ cells. We confirmed that incubation in galactose-based media results in overexpression of Dbf2p in wild-type cells and aim44∆ cells. We also found that the level of overexpression of Dbf2p is similar in both cell types ( Figure 6A ). Next we monitored cytokinesis, by quantitation of the number of multibudded cells, in cells with wild-type or elevated levels of Dbf2p. Overexpression of Dbf2p has no effect on the level of multibudded cells observed in wild-type cells (p = 0.52). In contrast, overexpression of Dbf2p results in a decrease in the number of multibudded cells in aim44∆ from 55% in aim44∆ cells to 24% in aim44∆ cells that overexpress Dbf2p (p = 0.002; Figure 6B ). Thus the defect in cytokinesis observed upon deletion of AIM44 can by rescued by overexpression of a kinase that catalyzes phosphorylation of Hof1p.
Because phosphorylation of Hof1p affects its localization, we carried out time-lapse imaging to study the effect of deletion of AIM44 on Hof1p dynamics. We confirmed that Hof1p-GFP localizes to a double ring at the bud neck in a wild-type strain expressing Hof1p C-terminally tagged at its chromosomal locus with GFP ( Figure 7) . Later in the cell cycle, Hof1p localizes to a single, medial ring that undergoes partial constriction as the actomyosin ring contracts. It then separates into two rings that localize to both mother and daughter cells after cell division. Eighty-five percent of wild-type cells examined display this pattern of Hof1p-GFP dynamics ( Figure 7B ). In contrast, 40% of aim44Δ cells exhibit defects in Hof1p dynamics (p = 0.0003). In these cells, Hof1p localizes to a double ring at the bud neck that does not undergo partial contraction during the 3-h imaging period ( Figure 7B ). aim44∆ cells that exhibit defects in Hof1p dynamics also do not undergo cell separation. Thus deletion of AIM44 results in defects in Hof1p abundance, phosphorylation, dynamics, and function in promoting contractile ring closure.
To further characterize the mechanism of Aim44p function in regulation of Hof1p, we tested whether the two proteins interact. Previous genome-wide two-hybrid screens revealed that Hof1p and Aim44p have the capacity to bind to each other (Tonikian et al., 2009) . We tested whether this interaction is physiologically significant. To do so, we tagged Aim44p and Hof1p at their chromosomal loci in wild-type cells with hemagglutinin (HA) and Myc epitopes, respectively. We then synchronized cells and carried out immunoprecipitation with whole-cell extracts prepared 75 min after release from pheromone-induced G 1 arrest. We found that
Aim44p coimmunoprecipitates with Hof1p and regulates Hof1p phosphorylation and localization
We investigated another regulator of contractile ring closure, Hof1p, and obtained evidence for a role for Aim44p in regulating Hof1p phosphorylation and localization. First, we confirmed that Hof1p undergoes cell cycle-dependent changes in abundance and phosphorylation. Specifically, we detect changes in the electrophoretic mobility of Hof1p over time after release from G 1 arrest. The mobility shifts are sensitive to treatment with calf intestinal alkaline phosphatase and are therefore due to Hof1p phosphorylation (Supplemental Figure S4 ).
Next we assessed the effect of deletion of AIM44 on the level and phosphorylation state of Hof1p. Hof1p-13Myc is phosphorylated 75 min after release from G 1 arrest in wild-type cells and 90 min after release from G 1 arrest in aim44∆ cells ( Figure 5A ). Moreover, in wild-type cells, Hof1p undergoes dephosphorylation 105 min after FIGuRE 2: Aim44p-GFP localization throughout the cell cycle. Cells expressing AIM44 tagged at its chromosomal locus with GFP (green) were grown as for Figure 1 and imaged by fluorescence and phase contrast microscopy. Micrographs of the fluorescence images superimposed on transmitted-light images depict representative cells at different stages in the cell division cycle. Aim44p-GFP is recruited to the selected bud site, where it forms a ring structure (a). As the bud emerges and grows, Aim44p-GFP localizes to a single ring (b) and later to a double ring (c and d, highlighted with white arrows) at the bud neck. Finally, Aim44p persists as a ring on newly separated mother and daughter cells (e and f, highlighted with white arrows). Scale bar, 1 μm (bottom right).
DISCUSSION
Our studies support a role for Aim44p in actomyosin contractile ring closure during cytokinesis. First, the localization of Aim44p is consistent with a role in this process. Specifically, we find that Aim44p forms a single ring within the single septin ring at the bud neck early in the cell cycle. The Aim44p ring colocalizes with the actomyosin ring throughout the cell cycle until contractile ring closure. During contractile ring closure, the Aim44p ring does not contract. After contractile ring closure, the Aim44p ring thickens and forms two rings that are within and closely opposed to the double septin rings. Finally, during cell separation, the double rings of septins and Aim44p also separate such that a single Aim44p ring remains within a single septin ring on both mother and daughter cells, marking the site of division. The localization of Aim44p to the actomyosin ring at the bud neck depends on the septins but not Myo1p, the type II myosin of the contractile ring in yeast.
Aim44p is not required for assembly of septin or actomyosin rings at the bud neck. However, it does regulate actomyosin ring closure. Deletion of AIM44 results in a statistically significant increase in multibudded cells and a decrease in the frequency of contractile ring closure. In aim44∆ cells that do undergo contractile ring constriction, the rate of ring closure is not significantly different from that observed in wild-type cells. Thus Aim44p is not required for formation of structures underlying the contractile ring, but it regulates the efficiency of contractile ring closure.
Consistent with this, we find that deletion of AIM44 affects the phosphorylation and localization of Hof1p, a protein that localizes to the bud neck, binds to septins and Myo1p, regulates contractile ring closure, and is detected as an Aim44p binding partner in a genome-wide protein interaction screen (Tonikian et al., 2009) . We find that cell cycle-regulated changes in Hof1p abundance and phosphorylation are altered in aim44∆ cells. We also detect defects in Hof1p localization in aim44∆ cells. In wildtype cells, Hof1p assembles as two rings on septin rings at the bud neck early in the cell division cycle. In response to a series of phosphorylations, Hof1p then moves from septin rings to the actomyosin ring. The Hof1p ring undergoes partial contraction with the actomyosin ring, ultimately associating with septin rings on mother and daughter cells upon cell separation.
Recent studies indicate that phosphorylation of Hof1p affects its binding to the septins, which in turn affects septin stability, in addition to its function in regulating actomyosin ring closure (Meitinger Aim44p coimmunoprecipitates with Hof1p ( Figure 7C ). Hof1p detected in the immunoprecipitate is the unphosphorylated form of the protein. Thus Aim44p binds to unphosphorylated Hof1p. There is no detectable phosphorylated Hof1p in the immunoprecipitate. Therefore, it is not clear whether Aim44p can bind to the phosphorylated form of the protein.
FIGuRE 3: Aim44p undergoes septin-dependent assembly into rings that are encircled by septin rings. Wild-type yeast expressing AIM44 tagged at its chromosomal locus with GFP (green) and plasmid-borne Cdc3p-mCherry (red) were grown to mid log phase (OD 600 = 0.1-0.5) in SC and imaged by fluorescence microscopy. Representative images show the localization of Aim44p-GFP and the septin ring marked by Cdc3p-mCherry at the bud neck at various points throughout the cell division cycle. (A) Projections of deconvolved z-series showing side views of Aim44p-GFP (green) and Cdc3p-mCherry (red) at the mother-bud neck. Concentric single rings of Aim44p-GFP and septins during early bud development (a). A single Aim44p ring between two double septin rings in a cell with a medium to large bud (b). After contractile ring closure, Aim44p-GFP forms a thick single ring that is concentric and partially overlaps the septin rings (c). After cell division, both Aim44p-GFP and Cdc3p-mCherry are present as rings on both the mother and daughter cells, marking the former site of cell division (d). Concentric rings of Cdc3p-mCherry and Aim44p-GFP in a cell after cell separation (e). Scale bar, 0.3 μm. (B) Schematic of the localizations of Aim44p-GFP (green) and the septin rings (red) throughout the cell division cycle. (C) A temperature-sensitive septin strain cdc12-6 and the wild-type parent CDC12 strain expressing Aim44p-GFP (green) and a plasmid-borne septin Cdc3p-mCherry (red) were grown to mid log phase at permissive temperature (room temperature). An aliquot of each strain was shifted to restrictive temperature (34°C) for 2 h, and all cells were imaged by fluorescence microscopy. Shift of cdc12-6 mutant cells to restrictive temperature results in localization of Aim44p-GFP and Cdc3p-mCherry to abnormal diffuse and punctate cytosolic structures. Cell outlines based on transmitted-light images are shown in white. Scale bars, 5 μm.
into a ring at the interface between septin and actomyosin rings early in the cell division cycle. Later in the cell cycle, as Hof1p levels increase and it assembles into a ring within the septin ring, Aim44p interacts with the unphosphorylated form Hof1p. This interaction then promotes cell cycle-regulated phosphorylation of Hof1p by Mob1p/Dbf2p, which leads to movement of Hof1p from the septin rings to the contractile ring and Hof1p-triggerred contractile ring closure. Aim44p remains associated with septin rings during contractile ring closure, septation, and cell-cell separation as rings that are encircled by septin rings.
During the preparation of this article, Meitinger et al. (2013b) found that wild-type Aim44p (referred to in that work as Gps1p) localizes to structures at the bud neck that are similar to those that we report and can bind directly to two signal transduction GTPase proteins-Cdc42p and Rho1p-which also localize to the bud neck during cytokinesis. They identified a role for Aim44p in regulating secondary septum formation through effects on Rho1p. They also observed a role for Aim44p in preventing the activation of Cdc42p at the bud neck after cytokinesis and found that this mechanism ensures that new daughter cells are not produced at the site of cytokinesis from the previous round of cell division. Meitinger et al. (2013b) argue that Aim44p does not function in contractile ring closure, based on findings that contractile ring closure occurs at wild-type rates in aim44∆ cells. We also find that actomyosin ring closure occurs at the wild-type rate in aim44Δ cells that do undergo this process. Of importance, however, we find that the actomyosin ring fails to close in 50% of aim44Δ cells. Thus we find that Aim44p regulates the efficiency of contractile ring closure rather than the rate of closure.
Moreover, Meitinger et al. (2013b) find that there is a defect in secondary septum formation in aim44∆ cells. We find that Zymolyase-dependent cell wall degradation under conditions that allow for cell separation in a known septation mutant, cbk1∆, does not result in separation of multibudded aim44∆ cells. These findings indicate that aim44∆ cells have either a cytokinesis defect that appears before the septation defect or septation defects that are not similar to those of cbk1∆ cells.
Finally, recent studies indicate that Rho1p and Cdc42p are activated during actomyosin ring assembly, inactivated during actomyosin ring contraction, and activated again during septum formation (Atkins et al., 2013; Onishi et al., 2013) . Therefore it is possible that defects in Rho1p and/or Cdc42p regulation may contribute to the defects in contractile ring closure in aim44∆ cells.
Taken together, this and other recent work indicates that Aim44p has multiple functions late in the yeast budding process. It functions in contractile ring closure through effects on Hof1p phosphorylation and localization in addition to its role in septation through effects on et al., 2013a). Although we find that assembly of the septin ring at the bud neck does not depend on Aim44p, it is possible that the maintenance of a stable septin scaffold may also be affected by Aim44p regulation of Hof1p phosphorylation.
However, we find that deletion of AIM44 results in defects in Hof1p localization. In aim44∆ cells, Hof1p localizes to two large rings. Therefore it is likely that Hof1p can associate with septin rings in aim44∆ cells. However, in aim44∆ cells with contractile ring closure defects, Hof1p does not undergo cell cycle-linked movement from double rings to the single actomyosin ring. We also find that Aim44p coimmunoprecipitates with Hof1p. It is not clear whether Aim44p has the capacity to bind to phospho-Hof1p. Nonetheless, our studies indicate that it can bind to the unphosphorylated form of the protein. Finally, we find that overexpression of Dbf2p, the kinase that catalyzes phosphorylation of Hof1p, which leads to movement of Hof1p from the septin rings to the actomyosin ring, rescues the contractile ring closure defect in aim44∆ cells.
These findings support a model for Aim44p regulation of contractile ring closure. According to this model, Aim44p assembles Figure 1 , immobilized in a microfluidic chamber such that the mitotic rings were localized parallel to the microscope stage, and imaged 60-90 min after release from pheromone-induced G 1 arrest. The z-series were obtained every 3 min to observe ring dynamics before, during, and after contractile ring closure. The Myo1p-mCherry ring contracts, but the Aim44p-GFP ring does not. After completion of contractile ring closure, Aim44p-GFP forms two rings (marked by two white arrows).
fused with 13 copies of Myc at its C-terminus tag by transformation with a PCR-amplified pFA6a-13Myc plasmid containing a His3Mx6 gene for selection and 40-base pair homology to HOF1. The AIM44 genomic locus was disrupted in cells expressing Myo1p-GFP and Hof1p-GFP by transformation with a PCR-amplified cassette from pFA6a-KanMX6 containing the kanMX selectable marker and 40-base pair homology to the endogenous locus. The AIM44 genomic locus was disrupted in Hof1-13Myc:His3MX6 cells by transformation with a PCR-amplified sequence containing LEU2 derived from the pOM cassette system (Tamm, 2009 ) and 40-base pair homology to the endogenous locus. Similarly, the MYO1 genomic locus was disrupted by transformation with a PCR-amplified sequence containing LEU2 derived from the pOM cassette system and 40-base pair homology to the endogenous locus. To tag Myo1p with mCherry, cells were transformed with a PCR-amplified pcY3090-02 plasmid containing a hphMX4 gene for selection with hygromycin B and 40-base pair homology to MYO1 (Young et al., 2012) . TUB1 was tagged at its C-terminus with GFP by transformation with DNA from the plasmid pTS988 digested with the restriction enzyme XbaI (New England BioLabs, Ipswich, MA) in wild-type and aim44Δ cells. AIM44 was tagged with 3HA at its C-terminus in wild-type and Hof1p-13Myc-expressing cells by transformation with a PCR-amplified cassette from the pFA6a-3HA system containing kanMX6 and 40-base pair homology to the endogenous locus. Construction of the cbk1Δ strain (García-Rodríguez et al., 2009), Myo1p-GFP expression strain (Huckaba et al., 2006) , and myo1Δ strain (Higuchi et al., 2013) are described in previous work. In the YEF6866 CDC12 Cdc42p. Indeed, Meitinger et al. (2013b) find that an aim44∆ hof1∆ mutant exhibits more-severe growth defects than either aim44∆ or hof1∆ single-mutant yeast. This is genetic evidence that Aim44p has Hof1p-independent functions in addition to the Aim44p-and Hof1p-dependent function in contractile ring closure described here. In summary, our studies reveal a novel role for Aim44p in contractile ring closure through effects on Hof1p phosphorylation and localization to the actomyosin ring. Because Hof1p, septins, and contractile ring components are conserved, it is possible that there is an orthologue of Aim44p in other cell types. Further studies will expand our understanding of how Aim44p contributes to the coordinated regulation of the septins and actomyosin ring closure.
MATERIALS AND METHODS
Strains, plasmids, and genetic manipulation S. cerevisiae strains used in this study are summarized in Supplemental Table S1 . All yeast strains were created in the BY4741 wildtype background, except for the temperature-sensitive septin strain (YEF743 cdc12-6) and the wild-type control (YEF6866 CDC12). The two YEF strains were kindly provided by Erfei Bi (University of Pennsylvania, Philadelphia, PA).
AIM44 was tagged at its C-terminus with GFP by transformation with a PCR-amplified GFP tagging cassette from the pFA6a-GFP system (Addgene, Cambridge, MA) containing HIS3 and 40-base pair homology to the endogenous locus. The protein Hof1p was 2004). Solid medium was prepared as described with the addition of agar (2% wt/vol). For selection of genetically manipulated cells, SC medium was prepared without histidine for selection of cells auxotrophic for HIS3, without leucine for selection of cells auxotrophic for LEU2, or with the addition of Geneticin (G418) sulfate (200 μg/ml; Invitrogen, Carlsbad, CA) for cells expressing the kanMX6 gene. Media were prepared with galactose instead of glucose as the carbon source for experiments requiring media containing galactose. For experiments with temperature-sensitive YEF6866 and YEF743 strains expressing Aim44p-GFP and Cdc3p-mCherry, cells were grown as described but using 20 and 34°C as permissive and restrictive temperature, respectively. Other yeast methods were performed as previously described (Sherman, 2002) .
Quantification of multibudded cells
To quantify the frequency of multibudded cells, cultures were grown to late log phase in SC medium to OD 600 of at least 1.5. Cells were sonicated and visualized using a light microscope. Data shown were pooled from three independent experiments. To check for a cytokinesis defect, we incubated cells with Zymolyase 20T (0.1 mg/ml) at room temperature for 10 min.
Synchronization of cells
To induce cell-cycle arrest in G 1 phase, we treated mid-log-phase cultures with 10 μM α-factor (Genemed Synthesis, San Antonio, TX) in fresh SC for 2 h at 30°C. Arrest was verified by light microscopy, indicated by at least 70% of cells exhibiting a schmoo morphology. Cells were released from arrest by washing three times in cold (4°C) water before resuspending in fresh SC medium.
Preparation of cells for microscopy, microscopy, and image analysis
For the localization studies in fixed cells, we used an AxioObserver. Z1 microscope equipped with a Colibri LED excitation source, a wide-field camera (Orca ER, Hamamatsu Photonics, Bridgewater, NJ), and AxioVision acquisition software. We used a 100×/1.3 numerical aperture (NA) EC PlanNeofluar objective (Carl Zeiss, Jena, Germany) and set the camera to 1 × 1 binning to optimize spatial resolution. To visualize mCherry, we used an excitation of 570 nm and a standard rhodamine/RGP filter set with an exposure time of 300 ms for Cdc3p-mCherry and 100 ms for Myo1p-mCherry. To visualize GFP, we used excitation at 470 nm (100% LED power) and a standard GFP filter set with an exposure time of 500 ms for Aim44p-GFP and 300 ms for Myo1p-GFP. We acquired z-stacks consisting of 13 slices with 0.5-μm spacing. Time-lapse imaging of Hof1p-GFPexpressing cells was also performed using this microscope and the 470-nm LED for excitation with an exposure time of 125 ms. For this experiment, cells were imaged using the CellASIC (EMD Millipore, Billerica, MA) microfluidic flow chamber (Y04C plate) controlled by the ONIX Control System and software. Cells were imaged every 5 min for 3 h beginning 1 h after release from arrest in G 1 phase.
and YEF743 cdc12-6 strains, a C-terminus GFP tag was fused to AIM44 by transformation with a PCR-amplified, kanMX-encoding cassette from pFA6a-GFP(S65T)-kanMX6 containing 40-base pair homology to the endogenous locus. These strains were then transformed with the YIP128-CDC3-mCherry plasmid, kindly provided by John Pringle (Stanford University, Stanford, CA). aim44Δ cells and cells expressing Aim44p-GFP and Myo1p-GFP were also transformed with the YIP128-CDC3-mCherry plasmid. After transformation using the lithium acetate method, cells were selected on solid media with the appropriate selective solid media (Gietz et al., 1995) . For Dbf2p overexpression studies, wild-type and aim44Δ cells were transformed with an open reading frame expression vector plasmid, pGB1805, with a GAL-inducible promoter controlling the overexpression of Dbf2p tagged with an HA epitope (Thermo Scientific, Pittsburgh, PA). In-frame tagging or disruption of a gene was verified using PCR amplification. Escherichia coli DH5-α-competent cells (Stratagene, Santa Clara, CA) were used for amplification of all plasmids used in this study. Plasmid clones were recovered from bacteria with a MiniPrep kit (Qiagen, Valencia, CA).
Media and culture conditions
E. coli was cultivated in Luria-Bertani (LB) medium (1% peptone, 0.5% yeast extract, 1% sodium chloride, pH 7.0) at 37°C with ampicillin (100 g/l) to select for plasmid-carrying cells. S. cerevisiae strains were grown in synthetic complete (SC) medium at 30°C on a rotary shaker at 225 rpm, as previously described (Fehrenbacher et al., . n = 101 and 120 for wild-type and aim44∆ cells, respectively. Data are pooled from two independent experiments. (C) Yeast cells expressing no tagged proteins, Aim44p-3HA, Hof1p-13Myc, or both Aim44p-3HA and Hof1-13Myc were grown to mid log phase and treated with pheromone as for Figure 1 . Whole-cell extracts were prepared from each sample 75 min after release from pheromone-induced G 1 arrest, and samples were immunoprecipitated using anti-HA antibodies. Western blots show whole-cell extracts and immunoprecipitated proteins detected using anti-HA and anti-Myc antibodies. Hof1p-Myc coimmunoprecipitates with Aim44p-HA.
the bicinchoninic acid assay (Pierce, Rockford, IL). Calf intestinal alkaline phosphatase (New England BioLabs) treatment was carried out using 10 U of enzyme for 1 h at 37°C. 13Myc-tagged proteins were probed on nitrocellulose membrane using a monoclonal antiMyc (9E10 1-1) primary antibody (Evan et al., 1985) and a horseradish peroxidase-conjugated secondary antibody (Promega, Madison, WI). HA-tagged proteins were detected using a monoclonal mouse anti-HA antibody (12CA5; Roche, Nutley, NJ). Hexokinase was detected using a rabbit polyclonal anti-hexokinase antibody (LS-C59302) purchased from LifeSpan Biosciences (Seattle, WA). Signal was detected using the SuperSignal West Pico chemiluminescent substrate (Pierce). Luminescence was recorded using a ChemiDoc MP imaging system and analyzed using Image Lab software (BioRad, Hercules, CA). For the coimmunoprecipitation experiments, protein extracts were added to Dynabeads Protein G (Life Technologies) according to the manufacturer's instructions and incubated with a monoclonal mouse anti-HA antibody (clone 12CA5; 11 583 816 001; Roche) to mediate the pull down of Aim44p-3HA. The antibodies used for probing the nitrocellulose membrane were a monoclonal rabbit anti-Myc antibody (71D10; Cell Signaling, Danvers, MA) and a monoclonal mouse anti-HA antibody (clone 16B12; MMS-101P; Covance, Princeton, NJ).
For time-lapse imaging of wild-type cells expressing Myo1-mCherry and Aim44p-GFP, cells were held upright in microfluidic chambers composed of polydimethylsiloxane with a depth of 20 μm and a diameter of 6 μm, such that actomyosin and Aim44p rings were positioned parallel to the microscope state. Imaging was carried out using a spinning disk confocal microscope consisting of the CSU-X1 spinning disk attachment (Yokogawa Electronic Corporation, Tokyo, Japan) on a Nikon Ti Eclipse inverted microscope (Nikon, Melville, NY) equipped with an electron-multiplying chargecoupled device (CCD) camera (DU-897; Andor Technologies, Belfast, United Kingdom; Evolve, Photometrics, Tucson, AZ), 488-and 561-nm, 50-mW lasers, and a CFI Plan Apo 100×/1.45 NA oil objective (Nikon). Aim44p-GFP was imaged using 488-nm excitation illumination with 500-ms exposure times and 20% laser power. Myo1p-mCherry was imaged using 561-nm excitation illumination with 300-ms exposure times and 30% laser power.
Experiments with temperature-sensitive strains were performed using a Nikon Eclipse Ti microscope with a 60×/1.4NA oil PlanApo Nikon objective and Perfect Focus System equipped with a Hamamatsu 10-600 Orca R 2 camera, an ASI Nano-Drive piezoelectric focus drive (Applied Scientific Instruments, Eugene, OR), a Lambda smart shutter controller and emission filter wheel (Sutter Instruments, Novato, CA), spectral LMM5 100-mW lasers, and a Yokogawa (Sugar Land, TX) CSU 10 spinning-disk confocal attachment upgraded with a Borealis system (Spectral Applied Research, Natick, MA). The 491-and 561-nm lasers were used for excitation at 100% with exposure times of 800 and 225 ms for green and red, respectively.
Live-cell imaging for the actomyosin contractile ring studies was performed using agarose pads as previously described (Fehrenbacher et al., 2004) . Imaging was performed on an Axioskop 2 microscope (Zeiss) with a 100×/1.4 NA Plan-Apochromat objective and an Orca 1 cooled CCD camera (Hamamatsu) or an E600 microscope (Nikon) with a Plan-Apo 100×/1.4 NA objective and an Orca-ER cooled CCD camera with fluorescein isothiocyanate filter sets. Hardware was controlled by Openlab software. Three-dimensional images over time were acquired by obtaining optical sections in 0.5-μm spacing using a piezoelectric focus motor mounted on the objective lens (Polytech PI, Auburn, MA). An exposure time of 250 ms was used to visualize Myo1p-GFP. Cells were imaged every 4 min for ∼48 min beginning 60 min after release from arrest in G1 phase.
For the cell cycle progression analysis in wild-type and aim44Δ cells expressing Tub1-GFP, cells were fixed using 3.6% paraformaldehyde and stained with the DNA-binding dye 4′,6-diamidino-2-phenylindole (Life Technologies, Grand Island, NY) mixed with Mounting Solution, as described previously (Swayne et al., 2010) . Fixed cells were then imaged on an Axioskop 2 microscope with a 100×/1.4 NA Plan-Apochromat objective and an Orca 1 cooled CCD camera. We acquired z-sections with 0.5-μm spacing.
Image processing and analysis
Images were deconvolved using a constrained iterative restoration algorithm in Volocity software (Perkin Elmer-Cetus, Waltham, MA). Maximum projections were reconstructed using Volocity software or ImageJ (Schneider et al., 2012) . Volocity was also used for measurement of spindle length. For statistical analysis, p values were calculated with the Student's t test (two-tailed distribution), the chisquared test, or Kruskal-Wallis analysis.
Protein methods
Protein was isolated from yeast cells as previously described (Boldogh et al., 1998) . Protein concentration was determined using
